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certain applications such as long-distance cargo planes in the future. 
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TOWARD A 1/KNliWAl. OP THK I'HOPiai.Klf IN AKHONAHV I CS 


I). Bergei**and P. Jaccjuet 


1 • I NTRO DUCTION IQ1+ 

A brief historical summary will permit an understanding of 
the reasons for this renewal . 

Propulsion by propeller was universally used in the GO’s, 
associated with piston engines or turboprops. 

The appearance in the early 60's of the long-distance aircraft, 
Boeing 707 and Douglas DC 8 and then the short-distance aircraft, 
DC 9, Boeing 737, Boeing 727, and Caravelle, which were 
characterized by greater passenger comfort (noise, vibrations) 
and faster flying, marked the end of the use of the propeller by 
all national and regional airlines on all types of flights. 

Lockheed’s Electra was the last large propeller aircraft 
program, Fropelled by four Allison turbines of 3750 h.p. each, it 
could transport 100 passengers up to 3700 km. Begun in 1954, it 
was tested in 1957 and put into service in 1958. A total of 170 
planes were built. The English Vanguard, whose first flight took 
place a little more than a year after that of Electra, did not 
really make it onto the market: 43 planes were built. 

At the same time as Electra was being designed, engine 
builders were developing the first by-pass turbine engines: 


♦Numbers in the margin indicate pagination in the foreign text. 

** Preliminary Projects Department Chief, Aerospatiale Aviation Division 
*** Preliminary Projects Engineer 


4 


the* ht* I ) « lloyt-f Conway, which mu do its first flights in 
J 9 r > 9 on a PCK-40 and n Boeing 707-430 and was put into 
servin' l>y American Airlines nt the beginning nf 1960. 

- the Pratt ti Whitney JT3D, which made its first flight in 
1960 on u Boeing 707- 130 nnd was put into service! by 
American Airlines as of 1961. 

- t ho C.180c> Aft -Fan from General Fleet ric, which made its 
first flight on a Convnir 990 in 1961 nnd was put into 
service in IPG3. 

It can thus be said that the propeller was replaced by the 
fan before the jet engine. 

Since thHt time, propulsion by propeller has been used /02 
mainly by private aviation, certain business planes, and commuter 
lines covering limited areas with older planes such as the Fokker 
27, the BAE 748, and the Nord 262. We also mention the Vickers 
Viscount, which was used for a long time on the less busy routes 
of some large airlines. 

Regional routes were thus covered by second level airlines 
with jet engine planes like the DC9-30 or Boeing 737. This 

was possible until the beginning of the 70* s due to the very low 
price of the US gallone{10 cents) which allowed profitable use of 
jets over short distances in spite of the fact that their fuel 
consumption is much higher than that of propeller planes. On the 
other hand, their commercial attractiveness was very superior to 
that of the turboprop (noise, comfort, speed, etc.), which had 
not changed since the middle of the 5tfs. There was, in effect, a 
stagnation of propeller technology during the 50's and 60fe, 
because of few investments by industry. 
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Thin technology wm. I'chiiib i cl cr t**l it:; n irtiull til very 
sign! T i can t i n«;ri*n«i*N in furl price,*; after 1973 mid of i )i* 
derogu 1 n i 1 on of American nir trunsporl.ot i on by the Cartel 
administration in 1978. This new policy led to a complete 
reorganization of the American internal network. 

Thus, numerous technical, economic, and political reasons led 
to a resurgence of interest in propulsion by propeller. This was 
manifested by the initiation in 1975 of many programs for short- 
distance airplanes equipped with turbo-props: DHC 7, Embraer 

110, HORNIER 228, then DHC 8, Embraer 120, Casa-Nurtan io 235, 
ATR42 , SF 340. 

These programs were aided by a renewed effort to improve 
propellers, motors, and gearboxes, which made it possible to build 
economical and reliable propulsion devices. 

This report will discuss: 

- The reasons leading to the present renewal of interest in 
propel lers ; 

- The manifestations of this renewal, including new airplane 
programs as well as research and studies conducted by 
makers of propellers, airplanes, and engines. Particular 
emphasis will be placed on the French research program 
"Propellers for High-Speed Aircraft" aimed at evaluating 
the interest in new propeller designs to be used on 
airplanes capable of flying at speeds between Mach 0.7 and 
0 . 8 ; 

- Briefly, the development of the turbo-propulsion 
technologies which promoted this renewal of interest. 
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REASONS FOB THE. HKNEW Al OF I NTEREST IN |* HOP U J.K J ON Jl V 
PROPELLER 


m 


2.1. The Price of Engine Fuel 


This is the determining factor which led to reconsideration 
of turbo-props, despite their traditional faults: noise, limited 

speed, hi f(h maintenance costs. 


Figure 2 shows the changes in fuel prices since 1970 and 
predictions until the end of this century. The cross-hatched 
area corresponds to a hypothetical "reasonable" increase in fuel 
prices of 2-4% per year (in value): a price of $1.50/USG 
(exchange rate of 7/80) is reached in 1993-98. A "catastrophic" 
scenario is also considered, with an 8% per year increase in 
average growth rate; a price of $3.00/USG (exchange rate 7/80) 
would then be reached before the end of the century. 


Figure 3 shows the influence of fuel prices on DOC [direct 
operating cost). The case shown is for an ATH 42 on a commuter- 
type flight of 200 nm. It is shown that the DOC increases 25% 
when the price of engine fuel doubles (from $1~2/USG). 


Figure 4 shows the changes in the structure of the DOC for 
American THUNK airlines since 1973. It shows that engine fuel 
now represents more than 50% of the DOC and that a decrease in 
specific consumption will be a determining factor for use costs. 

2.2. Advantages of the Propeller 

The continuous transformation of energy in fuel under 
pressure (or suction) from an airplane engine is characterized by 
thermopropuls i ve output . 


Translator's Note: USG = U.S. Gallon 


Output is; I i liked to specific consumption, more I'.rnom II y 
used, by Him re 1 n t i onshi p : 

1 . i Vo 

tp Ce Qf 

wliere Vo is the speed of the aircraft, end Of the caloric power 
of tiie f uel . 


It can also be written: 


& t 


tP 



X 


1 


p 


where 1® the thermal output (characteristic of the cycle) /04 

and is the pro pul sion output . 


A turboprop and a turbofan of the same technological level 
will have the same thermal output: the best type of power source 

will thus be that having the best propulsion output. 


It can easily be shown chat: 

r L 2 Vo 

p 2 Vo + L V 

where^V is the difference between gas ejection velocity and Vo. 


On the other hand, propulsion force T can be written: 

T - D. &V 


where D is the flow of air caused by the machine. 

The same suction can thus be obtained by strongly 
accelerating a small air flow (as with a reaction engine) or by 
slightly accelerating a large air flow; this second case, that of 
a propeller, will lead to better propulsion output and thus to 
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better specific consumption, given equivalent technology . Figure 
G illustrates the change in propulsion output as o function of 
the cruising speed and of the type of propulsion. 

2.3. The US Deregulation 

Tho Carter administration decided in 1978 \ o deregulate the 
use. of U.S. domestic routes. This led first and second level 
airlines to abandon very short flights (less than 200 or 300 run 1 
which they were malting with DC9-30s, B72?s, and B737s, which 
ceased to be profitable when the price of fuel increased 
considerably. 

Figure 7 shows, for a fuel price of S1.20/USG, that the DOC 
of a bi-turboprop plane such as the ATR 42 is better than that of 
an old short-di stance jet when the flights are shorter than 400 
nm, despite the difference in size. 

i 

Figure 8 shows how the length of a flight varies with the 
fuel price, until the point at which the DOC of the bi-turboprop 
plane is less than that of the jet. 

The abandoned routes were taken over by third level 
(commuter) airlines, who covered them first with old planes 
(F.27, BAE 748, N 262) or low-capacity planes (Twin-Otter, Beech 
99) . 

2.4. The Market /05 

2.4.1. Commuter planes 

Market studies show that commuter airlines now need modern 
planes equipped with turboprops and with a capacity of 30 to 60 
passengers. Figure 9 shows that the market should represent more 
than 2000 planes from now until the end of the century. 
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2 . 4 . 2 , S hor t - d i s tanc e pl an ct- 

Therr* is n large market (2000 planes from now to the end of 
the century) for short-distance planes for 100-150 passengers. 

In effect, the present planes (B737, B727, DC9) with old engines 
1 JT 8 D) at low dilution rates (-vl ) , which are noisy and consume a 
greut deal of fuel, are nearing the end of the line. One part of 
this market could be taken by turboprop planes, which are 
certainly slower but consume much less fuel than jet engine 
planes. The low capacities (80-100 seats) associated with the 
shortest flights are the best argument, because speed is Icjss 
important in terms of total time for short flights. 

2.4.3. Market conclusions 

Statistics show that 6 Q?» of the fuel consumed by airlines is 
on flights shorter than 1000 nm (Figure 10). 

It is thus possible to understand the interest in propulsion 
units with better specific consumption than present engines, even 
if some reduction in velocity, acceptable for short flights, is 
necessary. 

It appears that a vast market exists for economical planes 
with propellers (for speeds of less than Mach 0.7) or even 
propfans (for speeds of up to Mach 0.8) if they live up to their 
promises . 

3. MANIFESTATIONS OF THE RENEWAL 


3.1. Aircraft Programs 

Commercial studies have shown that there is a market for more 
than 2000 planes with turboprops in the 30-60 seat range from now 
until the end of the century. 
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On tin* basis of its AS lift « l ii dim , the Aerospat i a I «• ! French 
aerospace organ i zo t j on ) , in collaboration with Aiiritaliu, built 
the ATR <12, n plane designed to carry 42 passengers for 700 nm. 

Other programs were begun by Dellav i 1 1 and , Embraer, Casa- / 6 
Nurtanio, Suab-Fairchi Id (Figure 111. 

The ATR 42 was studied for wide operational flexibility, a 
very important character i r. t i c for commuter lines (Figure 12!. 

Figures 13 and 14 compare the consumptions and utilization 
costs of the ATR 42 and its competitors. It is shown that the 
ATR 42 is better in DOC as well as in fuel for a typical average 
commuter flight of 200 nm. 

Although its design is conventional, the ATI? 42 makes use of 
the most, modern technologies {Figure 15). 

Among other projects now under way is t.he BAE ATP. This 
plane, derived for the HS748, will be able to carry 60 
passengers. It is designed with 6-blade propellers. 

These new propellers (straight but using new profiles) should 
fill the gap between standard propellers allowing speeds on the 
order of Mach 0.5 and rapid propellers ("propfans") which should 
allow speeds of Mach 0.7 to 0.8. We note that the ATP will 
remain confined to speeds of less than Mach 0.45, mainly du.i to 
its old design. 

3.2. The American "Propfan” Program (ATP Program: "Advanced 

Turboprop Project” 

The propfan is a propeller with many blades (8 to 12) 
allowing high air speeds (Figure 16). 
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Tli** Anipfif’itn program is di reclod l»y Hamilton .Standard mid 
f i none***! by NA.iA. It unites the following engine and nirernf't 
bui 1 dc rr. : 

- Hamilton Standard has designed highly charged propellers 

with special shapes: fine profiles, feathered ends of the 

blades allowing significant noise reduction (Figure 17), 
very significant chords. 

These shapes are made possible by the use of composite 
materi ol s . 

- Allison, General Electric, and Pratt and Whitney hove 
designed turboprops capable of supplying the necessary 
power (15000 SHP) to propell a 100-150 sent plane (Figure 
18) . 

In their study, Pratt and Whitney used technologies 
developed under the E3 (Energy-Efficient Engine) program. 

This program, under the auspices of NASA, works for a 
significant decrease in specific consumption of turbofans. 

The first gearbox designs were from Hamilton Standard, but [ 1 _ 
Pratt and Whitney in particular will design and build the 
gearbox itself. 

- Plane builders: the three main American plane builders 

(Boeing, Douglas, Lockheed) evaluated the propfan design. 

It involves either putting new engines on existing planes 
(Douglas DC9) or using prototypes built around this new 
type of propulsion (Boeing, Lockheed). 

The conclusions were very optimistic, in general, except 
for Boeing which, going over the estimates made by Hamilton 
Standard, used more sound insulation (Figure 19). 
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Tht* initial pr<»g**nro culled for a t 1 *' * 1 1> f n n pinna to be put into 
service in 1990. 

In 1980, the manufacturers and airlines involved proposed 
expansion and acceleration of this program, aiming to ‘begin 
service in 1990. This acceleration was not upproved by the U.S. 
Congress, due to the priority given to military programs. 

The two present main objectives concern testing a propeller 9 
ft in diameter (for which the contract with NASA should be signed 
in May 19821 and the study of counter-rotating propellers. In 
addition, studies of various types of air intakes (ring-type, 
shark-type, etc.) Bhould take place at the end of the year 
(Figure 20) . 

3.3. French R esearch Pro gram: "Pr op ell ers, fo r Hig h-Speed / 8 


3.3.1. Organization 

This program is financed by the following organizations: 

STPA, DRET, and DGAC [expansions unknown). 

Its size necessitated the creation of a specific organization 
to coordinate the efforts of the various contractors. 

This coordination is done by the Aircraft Division of the 
Aerospatiale, which is also in charge of work done on evaluating 
the High-Speed Propeller concept. 

ONERA is responsible for the development of calculation 
methods as well as testing and measurement techniques. 
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The He i i rof*l «*r I) i v i 5 ; i oi» of tin* Aerospatiale is in charge of 
Hit* study, building. and testing of the propeller, with the 
aerodynamic definition of the .mode) provided )>y ONEffA. It is 
olso responsible for obtaining technical and economic 
informat ion necessary to study plane preliminary projects from the 
Aircraft Division. 

On the basis of sped f icat. ions from the. Helicopter Division, 
the company Halier Figeac will study and build the mechanical 
assemblies designed ( hub 1 , pitch control, power chain and 
'fairing. It will participate in obtaining technical and 

economic information concerning these assemblies. 

3.3.2. The program 

Genera ] objective . This program will pormit the validation 
of several methods of designing transonic propellers by 
testing a model in a wind tunnel. The Aircraft Division of 
the Aerospatiale will evaluate the potential advantages of 
the High-Speed Propeller design in two aircraft programs. 

Axes . The program has three main axes: 

- developing basic aerodynamic, acoustic, and structural 
methods . 

- building and testing a model propeller 1 m in diameter at 
Si Modane to validate the methods developed. This test 
represents the most important part (design, building) of 
the program (Figure 21). 

- evaluating the design: the eventual advantages of /09 

this type of propulsion will be evaluated in two aircraft 
programs, one using a turbofan and the other a propfan. 
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A i r rroj 1 pro! pi yin.»r; . To ova I unto the merits of II i gh r Speed 
Propel loro , it will be necessary to surmount a certain number 
of p r u r: lieu 1 problems linked to their use on prototype 
aircraft. For each possible solution, it will be necessary 
to estimate performance, muss, and cost. These problems ttre 
related to: 

- power source: the generator must supply around 15000 HP 

(11200 kW) to the reducer: the related maintenance costs 

will be the determining criteria for the airlines. 

- aircraft-propulsion integration: it will be necessary to 

evaluate the influence of the propeller wash on the 
aerodynamics of the aircraft, the acoustic treatment of the 
fuselage necessary for noise levels acceptable to the 
passenger, etc, 

- aircraft design: wings above or below, standard horizontal 

or T-shaped tail, size of tail rudder, positioning of 
engines, etc. 

Two aircraft programs will be used to support this study: 
one short-distance 100-seat plane and one long-distance plane 
with approximately 200 seats. For each of these programs and for 
each type of power source (turbofan, propfan), aircraft will be 
designed which are "adapted" to the following three cruising 
speeds: Mach 0.7, 0.75, and 0.8 (Figures 22 and 23). 

We consider that it is necessary to compare aircraft designed 
for their type of propulsion and not a new High-Speed Propeller 
version of an existing design: the comparison would be invalid 

because the new technologies of the turbines are too different. * 
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Tho nircrnf'i described correspond l.» n basic design. It will 
then be necessary to study the chances in terms of operating 
costs and fuel consumed for: 

- design changes 

- power source changes (disk charge, top speed), 

- technological approaches used: for example, acoustic 

insulation principle, 

3.3.3. The future /10 

These studies will be followed attentively by French engine 
makers (TURBOMECA and SNECMA ) . 

It is in effect necessary that, in addition to the specific 
"Propeller" studies described in this program, studies be 
developed for gas turbines and high-power gearboxes. 

We emphasize that acquiring knowledge about propulsion is a 
long-term undertaking. It is necessary to begin by investing in 
research far ahead of the applications. Research under way 
today has a double objective: maintaining competitiveness with 

French plane builders and developing nationwide design 
capabilities for modern propellers. 

4. TECHNOLOGY DEVELOPMEN T 

The use of turboprops could only be revived with the 
improvement of technology related to propellers, gas generators, 
and fuselage soundproofing. It is now possible to achieve noise 
levels and comfort acceptable to a clientele accustomed to the 
comfort of jets, with reduced operating costs (fuel and 
maintenance). 
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•1 . 1 . P i* M il " 1 1 H I'S 

The mos l s i gn .i /’ i cun t progress concerns the mntei inis used. 
The use of composite materials allows • substantial gains in mass 
(Figure 2d) (50$. for I <1 f'l diameter)! improvement of the 
dynamic response of the h] rules, due to the natural buffering of 
these inn t or i a 1 « nnd of the sandwich structure; hotter resistance 
to fatigue: and easier repairs, due to the modular design flower 
in a i n t. o n a a c: e o fists . 


Commi? i 1 1 * materials also allow more elaborate designs: very 

fine profiles, feathered blades. 

Significant improvements can also be seen with respect to the 
aerodynamics of (profiles due to use of modern calculation 
methods . 

4.2. Propu lsion uni ts / 1 1 

The most basic progress concerns maintenance costs. Their 
reduction is made possible by modular design of the various 
units, better reliability, more simplicity, and longer life of 
each component (Figure 25), 

These improvements in design should allow abandoning 
"planned" maintenance in favor of "as necessary" maintenance, 
using automatic devices for isolation and diagnosis of problems. 

The use of turbofan technologies will allow better cycling 
and thus a decrease in specific consumption, which will be 
further improved by the use of electronic controls, more precise 
and more reliable than the present hydromechanical controls. 
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f> . CONCU iK ION’S 

There is no doubt. that we are til the beginning of a return to 
the propeller plane: the successive increases in the price of 
fuel, the higher and higher portion that fuel represents in 
operating costs, and the progress of turbopropulsion technology 
are the principal factors. 

Rut how far will this new fascination go? 

- If it involves building planes with average cruising speeds 
(on the order of Mach 0.G5), equipped with "standard” 
propellers, there are hardly any technical questions. The 
market will indicate the best speed/consumption compromise 
as a function of the type of utilization planned. 

In this regard,' the ATR 42 is the main element in a / 1 2 

family of propeller-driven transportation aircraft, which 
the Aerospatiale hopes to develop in the years to come and 
on which work has already begun. 

- If it involves building a 150-seat plane cruising at Mach 
0.8, propelled by two 15000-SHP propfans, considerable 
technical difficulties must still be surmounted. The most 
important are: 

. aeroelast icity : considering its shape and how thin the 

profiles are, the propfan blade will have "flight” shapes 
very different from the "constructed" shapes. It will be 
necessary to be able to calculate these balanced shapes 
and to evaluate the related performance losses. It will 
also be necessary to master prediction of variation in 
all areas of operation. 
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.gearboxes; achieving very high- pcnv nr ed gearboxes which nr*- 
nl the some* Lime light and reliable is u difficult 
undertaking which goes far beyond present, knowledge in 
this areu. 

. noise: although ground noise levels produced by propfnn 

planes will probably be lower than those of present 
aircraft, a very significant problem appears concerning 
noise level in the cabin: the level outside the fuselage 

would be on the order of 130 dlt COSPb), and a reduction 
of 45 dB must thus be made by the wall of the plane to 
reach the level of 90 dB acceptable in the cabin. The 
feasibility of even achieving this, with an acceptable 
increase in mass, has not been demonstrated. (A 
conventional fuselage achieves a reduction of 15 dB . ) 

Our conclusion could be: yes to the propeller, but not for 

everything. 

There certainly exists a place for the turboprop, in terras of 
commercial cargo and maximum distance, but its frontiers are not 
yet well defined. The Aerospatiale, like other builders, is 
working to better know this range of capability from a technical 
as well as a commercial standpoint. 
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INTRODUCTION : why speak of "renewal"? 

Reasons for the renewal of interest in propulsion by 
propeller: | 

. fuel prices 

. advantages of the propeller 
. U.S. deregulation 
. the market 

- Technology development. 

- Manifestations of the renewal: 

. aircraft programs 
. the Propfan program (US) 

. the High-Speed Propeller program (French) 
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NEW COMMUTER PROGRAMS 
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